1. Introduction {#sec1-molecules-22-00786}
===============

*Helicobacter pylori* is a gram-negative bacterium that infects the gastric mucosa and is considered one of the main etiological agents of chronic gastritis, eventually leading to the development of peptic ulcers and gastric cancer \[[@B1-molecules-22-00786],[@B2-molecules-22-00786],[@B3-molecules-22-00786]\] .The mechanisms by which *H. pylori* may cause gastroduodenal disease and contributes to gastric carcinogenesis are not fully elucidated. However, the production of specific virulence factors by the bacterium, the host's inflammatory response, and the association with environmental contributors may all be responsible \[[@B4-molecules-22-00786]\].

The mechanism of action of the bacterium comprises the establishment of *H. pylori* in the stomach, inducing inflammatory responses, and pathological changes in the gastric microenvironment. Neutrophils and monocytes are recruited to the site of infection, where they produce reactive oxygen species (ROS) and nitrogen species (RNS) \[[@B2-molecules-22-00786],[@B5-molecules-22-00786]\]. However, *H. pylori* disrupts NADPH oxidase targeting, consequently, superoxide anions are released into the extracellular medium rather than accumulated within bacteria-containing phagosomes, thus contributing to the induction of host tissue damage and ulceration \[[@B6-molecules-22-00786]\]. The *H. pylori's* ability to avoid the immune response leads to a local persistent inflammation, which, in turn, results in large amounts of ROS and RNS \[[@B7-molecules-22-00786]\].

The prevalence of *H. pylori* infection is still high in most countries. It ranges from 40% in developed countries up to 80% in underdeveloped countries. According to estimates, 10 to 20% of *H. pylori*-infected patients develop different degrees of peptic ulcer diseases, and approximately 1--2% are at risk of developing stomach cancer \[[@B2-molecules-22-00786],[@B8-molecules-22-00786]\].

The standard treatment for *H. pylori* infection eradication combines three drugs. Two are antimicrobial agents, including amoxicillin, clarithromycin and/or metronidazole, and the third drug is bismuth or a proton pump inhibitor \[[@B9-molecules-22-00786],[@B10-molecules-22-00786]\]. Nevertheless, triple therapy is not always successful because of the emergence of resistant *H. pylori* strains and side effects of the current chemotherapeutic approach \[[@B11-molecules-22-00786],[@B12-molecules-22-00786]\]. For these reason, several studies have been undertaken to develop new drugs that might act as an alternative treatment for *H. pylori* infection \[[@B13-molecules-22-00786],[@B14-molecules-22-00786],[@B15-molecules-22-00786],[@B16-molecules-22-00786]\].

In this context, natural products have always played a significant role in the discovery of drugs, including antibiotics. More than one-third of all the molecules approved by the Food and Drug Administration (FDA) are of natural origin, and their derivatives are semisynthetic \[[@B4-molecules-22-00786],[@B16-molecules-22-00786],[@B17-molecules-22-00786]\]. Among the numerous natural product classes, coumarins have emerged as an important, widely distributed phytochemical class with diverse pharmacological effects, such as antitumor \[[@B18-molecules-22-00786]\], anticoagulant \[[@B19-molecules-22-00786]\], anti-inflammatory \[[@B20-molecules-22-00786]\], anti-oxidant \[[@B21-molecules-22-00786]\], and antimicrobial actions \[[@B22-molecules-22-00786]\] as antibiotics novobiocin and its coumarins derivatives \[[@B23-molecules-22-00786],[@B24-molecules-22-00786],[@B25-molecules-22-00786],[@B26-molecules-22-00786]\].

The isocoumarin paepalantine (9,10-dihydroxy-5,7-dimethoxy-3-methyl-1*H*-naphtho\[2,3-*c*\]pyran-1-one), isolated from the capitula of Paepalanthus bromelioides (SILV.) \[[@B27-molecules-22-00786]\], has proven to have a wide variety of biological activities, amongst which are antibacterial \[[@B28-molecules-22-00786],[@B29-molecules-22-00786]\], anti-oxidant \[[@B30-molecules-22-00786],[@B31-molecules-22-00786]\], anti-inflammatory \[[@B32-molecules-22-00786]\], and cytotoxic actions \[[@B33-molecules-22-00786]\].

Thus, based on the previous studies with paepalantine which showed antibacterial and antioxidant potential, the objective of the present study was to investigate the effect of paepalantine on the viability and morphology of *H. pylori*, conducting in vitro and in silico analysis of possible molecular targets.

2. Results {#sec2-molecules-22-00786}
==========

2.1. Anti-H. pylori Activity {#sec2dot1-molecules-22-00786}
----------------------------

[Figure 1](#molecules-22-00786-f001){ref-type="fig"} shows the effect of paepalantine on *H. pylori*; paepalantine showed a MIC of 128 μg/mL and a minimum bactericidal concentration (MBC) of 256 μg/mL. The vehicle used (propylene glycol) had no inhibitory effect on the micro-organisms at the concentrations used in the assay. Since the bacterial strain used in this assay was amoxicillin sensitive and metronidazole resistant, only amoxicillin presented MIC and MBC values, which were 0.25 μg/mL and 2 μg/mL, respectively.

The effect of paepalantine on *H. pylori* growth and viability led us to study bacterial morphology after exposure to a MIC and sub-MIC. The treatment of *H. pylori* with CIM and ½ MIC (64 μg/mL) of paepalantine resulted in morphological changes in the membrane that were not observed in the control. In the control treatment, the *H. pylori* cells presented regular shapes with even surfaces, whereas the cells treated with paepalantine were damaged and exhibited altered or irregular shapes, such as spheres and cell surface blebs ([Figure 2](#molecules-22-00786-f002){ref-type="fig"}). These morphological changes were also observed in previous studies \[[@B34-molecules-22-00786],[@B35-molecules-22-00786]\] in *H. pylori* treated with β-lactam antibiotics, which correlated the performance of these antibiotics to penicillin-binding proteins (PBPs).

2.2. Computational Methods {#sec2dot2-molecules-22-00786}
--------------------------

The development of the docking model was based on the analysis of the crystallographic chemical structures of the available penicillin-binding proteins complexed with betalactamic inhibitors, obtained from the Protein Data Bank (PDB) database \[[@B36-molecules-22-00786],[@B37-molecules-22-00786]\] ([Table 1](#molecules-22-00786-t001){ref-type="table"}, [Figure 3](#molecules-22-00786-f003){ref-type="fig"}). The PDB code, 1QMF, was selected for docking analysis, since it contains preserved information of the cefuroxime acylation mechanism in its active site and a non-covalent binding of cefuroxime in the allosteric site, allowing for study and comprehension of both binding interactions. The other PDB codes did not allow for these conditions since the allosteric binding site was not preserved.

Penicillin-binding proteins (PBPs) have an important hole in the maintenance of the bacterial cell wall. The penicillin-binding proteins with an allosteric site binding mechanism promotes a conformational change during its binding that results in a slight opening of the active site, making it more accessible for substrate binding. Finding inhibitors with affinity for both the active and allosteric site is a promising strategy for drug discovery. In order to properly evaluate the affinity of paepalantine for PBPs, it was necessary to investigate both the active and allosteric binding mechanism, since this investigation could result in an additional and unique inhibition pattern \[[@B15-molecules-22-00786],[@B38-molecules-22-00786]\].

### 2.2.1. Docking Calculations {#sec2dot2dot1-molecules-22-00786}

Molecular docking calculations were performed using the Molecular Operating Environment suite (MOE) \[[@B39-molecules-22-00786]\]. For docking calculations, the placement method was set to the pharmacophore search engine. The scoring function was set to "London dG", which estimates the free energy of binding of the ligand from a given pose. A set of 30 docking poses for each molecule were retained during the initial calculation and then refined by energy minimization using the molecular mechanics force field method and then submitted to a second refinement, using the "GBVI/WSA dG" scoring function, selecting the top 10 docking poses for each ligand \[[@B40-molecules-22-00786]\].

### 2.2.2. Docking Validation and Development of the Model {#sec2dot2dot2-molecules-22-00786}

The pose prediction accuracy of the docking software was evaluated by redocking analysis. The redocking process consists of a high-quality structural model of the protein structure, usually extracted from an X-ray crystal of a protein-ligand complex. Then, the co-crystal ligand is extracted from this file, leaving only the protein that is prepared for docking calculation. Once the calculation is performed, the docking poses were compared to the protein-ligand complex. The measure of this deviation is represented by the root mean square deviation (RMSD) measure. Values below 2 Å deviation are considerable acceptable \[[@B41-molecules-22-00786],[@B42-molecules-22-00786]\]. The protein-ligand complex was obtained from the PDB database (PDB code 1QMF). The RMSD values from the redocking process for the binding site and allosteric site were respectively, 1.14 Å and 1.31 Å, and were considered satisfactory for pose prediction (For more information, access the available [supplementary material](#app1-molecules-22-00786){ref-type="app"}).

The developed model was based on the inhibitor cefuroxime, since it is the smallest co-crystallized ligand available amongst the other two ligands, tebipenem and biapenem ([Table 1](#molecules-22-00786-t001){ref-type="table"}). As a result of its small volume, cefuroxime is also able to explore both the active and the allosteric site. Cefuroxime is also similar in size/shape with the investigated metabolite paepalantine. After the energy minimization process, the selected model for the binding site was the one containing a shape-based volume combined with a hydrogen bond acceptor feature, located in the region of the main interaction with the amino acid Ser337, and for the allosteric site a standard docking protocol was developed for non-covalent binding \[[@B38-molecules-22-00786]\].

The docking calculations for the active site consisted of the use of a 3D shape-based volume surrounding the core interactions combined with a hydrogen bond acceptor feature ([Figure 4](#molecules-22-00786-f004){ref-type="fig"}). Then, this information was used as a placement method setting using the pharmacophore model as the search engine, and then the conformations of the ligand were filtered to enforce shape occupancy, according to the model that was developed. The placement method used during docking calculations generate poses from ligand conformations. A pose is defined as a specific conformation of the ligand with a specific translational and rotational orientation in the active site \[[@B43-molecules-22-00786]\].

A pharmacophore model contains Boolean expressions to encode concepts representing a hydrogen bond donor, hydrogen bond acceptor, hydrophobic, aromatic, anionic, etc., indicated by colored spheres named pharmacophore features \[[@B39-molecules-22-00786],[@B44-molecules-22-00786]\]. One can also add some restrictions adding exclusion spheres or adding a shape-based model to delimit the search, according to the proposed investigation conducted \[[@B38-molecules-22-00786]\]. For the proposed docking model in the active site, a hydrogen bond acceptor feature was then selected to find appropriate chemical groups to interact with the hydroxyl of the serine amino acid ([Figure 4](#molecules-22-00786-f004){ref-type="fig"}).

### 2.2.3. Docking Calculations for the Isocoumarin Paepalantine {#sec2dot2dot3-molecules-22-00786}

The docking score values for paepalantine were in a range similar to the reference inhibitor cefuroxime: S = −5.7 to −5.4 for the active site and S = −6.4 to −5.3 for the allosteric site. The values are in accordance with the reference values, S = −7.8 to −6.5 for the active site and S = −6.8 to −5.8 for the allosteric site, evidencing that the proposed model was able to describe the main interactions. For more information about the docking score values, access the available [supplementary material](#app1-molecules-22-00786){ref-type="app"}.

3. Discussion {#sec3-molecules-22-00786}
=============

Despite many years of experience in fighting *H. pylori*, the ideal model for treatment against this infection is yet to be discovered \[[@B2-molecules-22-00786]\]. Mechanisms of drug resistance, increased side effects, low adherence, and the high cost of antibiotic therapy increase treatment failure. Antibiotics are not the only factor involved in the successful eradication of *H. pylori*. The micro-environment created by this bacterium is a further factor that influences the eradication rate. Specifically, the most severe clinical manifestation associated with certain *H. pylori* strains is most likely due to a higher degree of inflammation caused by these bacteria \[[@B45-molecules-22-00786],[@B46-molecules-22-00786],[@B47-molecules-22-00786]\].

In this context, alternative treatment approaches must be developed and the research of natural products is a valuable resource in drug discovery \[[@B9-molecules-22-00786]\]. The use of substances with both antibiotic and anti-oxidant activity has been suggested to increase treatment efficiency by reducing the inflammation and oxidative stress in the gastric mucosa \[[@B48-molecules-22-00786],[@B49-molecules-22-00786]\]. Coumarins compose a group of natural compounds that are found in several plant sources and show excellent pharmaceutical potential, exhibiting anti-inflammatory, anti-oxidant, antimicrobial, anticoagulant, antitumor, and antiviral activity, amongst others \[[@B50-molecules-22-00786]\]. Previous studies with the isocoumarin paepalantine have shown anti-oxidant \[[@B30-molecules-22-00786]\], anti-inflammatory \[[@B32-molecules-22-00786]\], and antibacterial potential \[[@B29-molecules-22-00786]\] for this substance.

In the present study, we evaluated the anti-*H. pylori* effects of paepalantine, which exhibited significant activity, with a MIC of 128 µg/mL and a MBC of 256 µg/mL. Structure-activity studies with coumarins suggest that the presence of antimicrobial activity is directly related to the lipophilicity and planar structure of the molecule \[[@B22-molecules-22-00786],[@B51-molecules-22-00786]\]. Its lipophilic character is likely responsible for its entrance into bacterial membranes \[[@B52-molecules-22-00786]\]. Additionally, the catechol-like arrangement provided by the 9-OH and 10-OH groups in paepalantine and its planar structure, together with its lipophilic characteristics, are likely responsible for the antibiotic capacity of paepalantine \[[@B27-molecules-22-00786],[@B29-molecules-22-00786]\].

Some authors have observed morphological changes in *H. pylori* caused by subinhibitory concentrations of substances with antibiotic activity. The analysis of β-lactam antibiotics via transmission electron microscopy (TEM) has shown a strong link of bacterial penicillin-binding proteins (PBPs), characterized by large spherical cells with few cytoplasmic elements and eventual membrane rupture, thus suggesting PBP63 inhibition as the main mechanism responsible for these changes \[[@B2-molecules-22-00786],[@B34-molecules-22-00786]\]. Other types of changes have also been observed, including the formation of vacuoles, membrane swelling, and cell destruction after treatment with a synthetic molecule leading to the development of a spherical shape by the bacterium is a passive process that does not require protein synthesis and is one of the stages of cell death \[[@B4-molecules-22-00786]\].

The SEM morphological analysis of *H. pylori* subjected to the sub-MIC of paepalantine revealed spherical, irregular shapes, which were related to membrane protein inhibition.

The morphological changes observed in *H. pylori* after exposure to the sub-MIC of paepalantine included swelling of the bacillary forms, bleb formation on the cell surface, and the emergence of spherical shapes. These observations suggest that the target of paepalantine activity may be located at the cell surface, acting as a permeability barrier. The bactericidal mechanism of paepalantine against *H. pylori* might then be found in the disruption of the permeability barrier within cell membranes.

Based on the results from the experimental tests (Scanning electron microscopy), in silico studies comprised by docking analysis were conducted to investigate the potential interactions of the metabolite paepalantine in the binding site of the penicillin-binding proteins (PBP) \[[@B42-molecules-22-00786],[@B53-molecules-22-00786]\]. The analyzed binding pocket includes the active site and the allosteric site. The active site calculations resulted in a docking pose for paepalantine with similar placement in the binding site to the reference inhibitor (cefuroxime). This docking pose evidences potential interactions with key residues, similar to other carbapenemic inhibitors near the residues Thr550, Ser548, and Ser395. It is also observed that secondary interactions with the amino acids Ala551, Gln452, Tyr561, and Trp374 were accessed during ring stabilization ([Figure 5](#molecules-22-00786-f005){ref-type="fig"}).

The analysis of the allosteric site evidences that paepalantine can be buried deep inside its pocket and still accesses the main core interactions of the inhibitor cefuroxime in its non-covalent binding pattern. The hydroxyl groups of paepalantine are near a region of interaction with the key amino acids Pro424 and Arg463. The carbonyl group interacts with the nitrogen atom of Arg426 ([Figure 6](#molecules-22-00786-f006){ref-type="fig"}).

Comparing the antibacterial activity of the metabolite paepalantine with other active compounds and analogues (e.g., 5-methoxy-3,4-dehydroxanthomegnin, [Figure 7](#molecules-22-00786-f007){ref-type="fig"} and [Figure 8](#molecules-22-00786-f008){ref-type="fig"}), which has a 2-fold higher antibacterial property against *H. pylori* \[[@B54-molecules-22-00786]\]), the docking analyses corroborates that the naphthoquinone derivative (5-Methoxy-3,4-dehydroxanthomegnin) ([Figure 7](#molecules-22-00786-f007){ref-type="fig"}a) is better stabilized in the binding site than paepalantine. This inference is based on the observation that the carboxyl group of the naphthoquinone ring is a stronger hydrogen-bond acceptor than the corresponding hydroxyl group on paepalantine. In this process, two hydrogen bonds take place between the naphthoquinone ring and the amino acid residues, Thr550 and Ser337 (distances of 4 and 3 Å, respectively). Based on the analyses of the interaction potentials at the active site (yellow circle, [Figure 7](#molecules-22-00786-f007){ref-type="fig"}b, it is proposed that the establishment of an H-bond with the carboxyl group (purple electrostatic grid) is more plausible than the corresponding interaction with the hydroxyl group (small red electrostatic grid).

Analyses concerning the allosteric site suggests that the interaction of the naphthoquinone derivative (5-Methoxy-3,4-dehydroxanthomegnin) ([Figure 8](#molecules-22-00786-f008){ref-type="fig"}a) with the amino acid Arg463 via an H-bond (distance of 3.7 Å). Although one may consider the ionic interaction between the carboxylate group and the arginine residue as reinforced by an additional H-bond, the considerable distance between these groups would reflect a very weak interaction. A comparison between the inhibitors cefuroxime and paepalantine at the same site suggests that both ligands could interact via H-bond with the amino acid, Pro424, with a distance of 3.1 Å ([Figure 8](#molecules-22-00786-f008){ref-type="fig"}a). Analyses of the electrostatic grid ([Figure 8](#molecules-22-00786-f008){ref-type="fig"}b, yellow circle) suggest that both interactions are favorable at this region, since appropriate distances between the interacting groups are observed.

4. Materials and Methods {#sec4-molecules-22-00786}
========================

4.1. Plant Material {#sec4dot1-molecules-22-00786}
-------------------

Paepalanthus bromelioides was collected at Serra do Cipo, Minas Gerais State, Brazil, and identified by Dr. Paulo Takeo Sano from the Institute of Biosciences, University of Sao Paulo. The voucher specimen (CFSC, 13839) is on file at the herbarium in the Department of Botany, Institute of Biosciences, University of Sao Paulo, Brazil.

4.2. Chemicals {#sec4dot2-molecules-22-00786}
--------------

Dimethyl sulfoxide (DMSO), peroxidase (77332), and deoxyribose (121649) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Propylene glycol was purchased from Neon Comercial Ltda. (São Paulo, SP, Brazil). Paepalantine was obtained according to the procedure previously reported by Vilegas et al. (1990) \[[@B27-molecules-22-00786]\], and the stock solution was prepared at 10 mg/mL in propylene glycol \[[@B55-molecules-22-00786]\]. The highest absorption of paepalantine was at 265 nm.

4.3. In Vitro Studies {#sec4dot3-molecules-22-00786}
---------------------

### 4.3.1. Evaluation of Anti-*H. pylori* Activity {#sec4dot3dot1-molecules-22-00786}

Anti-*H. pylori* activity was assessed by determining the minimum inhibitory concentration (MIC) using the spectrophotometric method of broth micro dilution according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (M7-A6, 2003). Microplate wells were filled with 100 µL of liquid growth medium (brain-heart infusion supplemented with 10% fetal calf serum) containing different concentrations of test agent (16--1024 µg/mL). Another 100 µL containing *H. pylori* (ATCC 43504) suspension (approximately 10^6^--10^7^ bacteria per mL) was added to each well. Absorbance was read in a spectrophotometer at a wavelength of 620 nm, and the microplates were then incubated at 36--37°C in the presence of 10% CO~2~ for 72 h. After incubation, the plate well contents were homogenized, and a new spectrophotometric reading was performed under the abovementioned conditions. The tests were performed in triplicate and repeated at least three times, together with growth controls (absence of sample) and negative controls (culture medium containing different concentrations of test agent to control for color). The MIC was determined graphically and was defined as the lowest concentration of antibacterial agent at which there was a sharp decline (90%) in absorbance. Amoxicillin and metronidazole were used as standards.

### 4.3.2. Morphological Analysis of *H. pylori* Bacterial Cells {#sec4dot3dot2-molecules-22-00786}

A morphological analysis of *H. pylori* bacteria after exposure to the MIC and a sub-MIC was performed by scanning electron microscopy (SEM). For sample preparation, culture medium containing bacteria exposed to paepalantine was aliquoted and centrifuged at 4000 rpm for 5 min. The supernatant was discarded, and 1 mL of 0.1 M sodium cacodylate buffer (pH 7.2) was added. After centrifugation, the cell pellet was resuspended with 200 µL of 0.1 M sodium cacodylate buffer (pH 7.2). One aliquot was placed in the center of a cover slip and allowed to dry. The material was then fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 30 min. Finally, the sample was dehydrated with alcohol, and the material was sputter coated for analysis in a JEOL^®^ JSM-6610LV scanning electron microscope (Tokyo, Japan) at an accelerating voltage of 10 kV \[[@B56-molecules-22-00786],[@B57-molecules-22-00786],[@B58-molecules-22-00786]\].

4.4. Computational Methods {#sec4dot4-molecules-22-00786}
--------------------------

Molecular docking calculations were performed using the Molecular Operating Environment suite (MOE) \[[@B39-molecules-22-00786]\].The protein structure was loaded into MOE software using the \"Load PDB File\" panel. The water chains were analyzed regarding their relevance for docking, and then were further deleted since no relevant contribution was observed. Structural issues with protein were corrected using the "Structure Preparation" panel, adding hydrogens and correcting structural issues in the protein. Partial charges and hydrogen bond optimization were conducted with the force field "MMFF94x" and the "Protonate 3D" panel, respectively. Two docking models were developed: one for the active site and another for the allosteric site.

The docking model for the active site was developed to investigate the potential of binding for small inhibitors, such as the investigated metabolite, and thus an appropriate protein-ligand complex with a small ligand inside was selected. Since the active site comprises an acylation mechanism, this chemical bond was undone, restoring the original hydroxyl group of the serine amino acid (Ser337) and applying the described methods for protein preparation and hydrogen bond optimization \[[@B39-molecules-22-00786]\]. The original cavity of the active site was then preserved and optimized for small inhibitors since it was previously complexed with a small inhibitor, cefuroxime. Then, a volume shape-based using a pharmacophore constraint was established to delimit the main binding site interactions. The pharmacophore search engine was set as the placement method during docking.

For the allosteric site, the placement method was set to "triangle matcher". The selected scoring function was set to "London dG" and the free energy of binding was estimated using the force field-based scoring function "GBVI/WSA" for both models. The three-dimensional structures of the penicillin-binding proteins were obtained from the RCSB Protein Data Bank \[[@B36-molecules-22-00786]\]. The chemical structures were drawn with Marvin Sketch software \[[@B59-molecules-22-00786]\], the partial charges calculated with MOE \[[@B39-molecules-22-00786]\], minimized with Balloon software \[[@B60-molecules-22-00786]\] and the conformer generation calculated with OMEGA software \[[@B61-molecules-22-00786],[@B62-molecules-22-00786]\].

4.5. Statistical Analysis {#sec4dot5-molecules-22-00786}
-------------------------

Data are expressed as the mean ± standard deviation and were subjected to analysis of variance (ANOVA) and linear regression. The significance level was set at *p* \< 0.05.

5. Conclusions {#sec5-molecules-22-00786}
==============

Beta-lactam antibiotics are a class of broad-spectrum antibiotics introduced in the later stages of World War II and represents one of the most important contributions to medical science in recent history. The beta-lactams remain the most widely utilized antibiotics for several reasons, such as high effectiveness, low costs, ease of delivery, and minimal side effects \[[@B63-molecules-22-00786]\]. One of the most common bacterial resistance mechanism is the production of enzymes that degrade or modify the antibiotic before it can reach the protein's *binding* site. The investigation of natural products as a source of new scaffolds for drug development is an interesting strategy and must be investigated.

The data from the present study indicates that paepalantine exhibits significant anti-*H. pylori* activity, most likely by inhibiting membrane protein synthesis. Thus, paepalantine may be a promising molecule for the treatment and prevention of diseases caused by *H. pylori*.

The initial molecular modeling docking calculations suggests that the isocoumarin paepalantine should be investigated for PBP inhibition, since one of the main mechanisms that could help its effectiveness against the PBPs, based on the results of the electron microscopy, is that it will not contain the beta-lactamic ring, and thus the beta-lactamases will be ineffective \[[@B34-molecules-22-00786],[@B63-molecules-22-00786],[@B64-molecules-22-00786]\]. Identification of novel scaffolds for potential anti-*H. pylori* agents based on molecular modeling techniques are important strategies to implement during the drug design process since the actual multi-therapy with amoxicillin and clarithromycin associated with a proton pump inhibitor such as omeprazole is no longer effective due to the prevalence of antibiotic resistance \[[@B65-molecules-22-00786],[@B66-molecules-22-00786]\].

However, other mechanisms of action cannot be ruled out, such as the interruption of *H. pylori* colonization by the inactivation of bacterial DNA gyrase, which is a common mechanism among coumarin derivatives and urease inhibition.
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![Effect of paepalantine on *H. pylori* growth after 72 h of incubation.](molecules-22-00786-g001){#molecules-22-00786-f001}

![Scanning electron micrographs of *H. pylori* treated with paepalantine MIC and sub-MIC. (**A**) *H. pylori* control bacteria; (**B**) Spherical cell formation seen after treatment with paepalantine MIC; (**C**) Damaged bacteria after treatment with paepalantine MIC; (**D**) Membrane blebbing (indicated by the arrowhead) seen after treatment with paepalantine sub-MIC; (**E**,**F**) Tendency to spherical polarization (indicated by the arrowhead) seen after treatment with paepalantine sub-MIC.](molecules-22-00786-g002){#molecules-22-00786-f002}

![Surface representation of the crystal structure of the protein-ligand complex of the Penicillin-binding protein (PDB code: 1QMF), evidencing the cavities of the active site and the allosteric site.](molecules-22-00786-g003){#molecules-22-00786-f003}

![3D shape-based volume surrounding the core interactions of the chemical structures combined with a hydrogen bond acceptor feature (cyan sphere). (**a**) Superposition of three inhibitors in its crystallographic pose: cefuroxime (sticks in green) biapenem (sticks in blue) and tebipenem (sticks in orange); (**b**) Crystallographic pose of the inhibitor cefuroxime evidencing that the core betalactamic ring is comprised by the shape-based volume; (**c**) Docking pose of the isocoumarin paepalantine evidencing that the main chemical structure fits inside the 3D shape-based volume used during docking calculation.](molecules-22-00786-g004){#molecules-22-00786-f004}

![(**a**) Superposition of the crystallographic pose of the inhibitor cefuroxime (sticks in gray) and the binding modes of paepalantine (sticks in green), evidencing the similar placement in the active site; (**b**) Proposed binding mode for the isocoumarin paepalantine in the PBP active site: sticks in purple represents the main interactions and sticks in cyan the secondary interactions.](molecules-22-00786-g005){#molecules-22-00786-f005}

![Proposed docking conformations for the isocoumarin paepalantine in the PBP allosteric site: sticks in purple represents the main interactions and sticks in cyan the secondary interactions. (**a**) Superposition of the crystallographic pose of the inhibitor cefuroxime (sticks in gray) and the docking conformation of paepalantine (sticks in green), evidencing that paepalantine can be buried deeply inside the pocket; (**b**) Proposed binding mode for paepalantine in the allosteric site: sticks in purple represents the main interactions and sticks in cyan the secondary interactions.](molecules-22-00786-g006){#molecules-22-00786-f006}

![(**a**) Proposed docking conformations for the naphthoquinone derivative (5-Methoxy-3,4-dehydroxanthomegnin) in the PBP active site. (**b**) Molecular interaction field analysis, evidencing the group probes for carboxylate (E = 6.2 kcal·mol^−1^; pink probes) and hydroxyl group (E = 5.8 kcal·mol^−1^; red probes).](molecules-22-00786-g007){#molecules-22-00786-f007}

![(**a**) Superposition of the naphthoquinone derivative (5-Methoxy-3,4-dehydroxanthomegnin) and the inhibitor cefuroxime, suggesting that both ligands could interact via H-bond with the amino acid, Pro424, with a distance of 3.1 Å in the PBP allosteric site; (**b**) Molecular interaction field analysis, evidencing the group probes for carboxylate (E = 6.2 kcal·mol^−1^; pink probes) and the amino group of cefuroxime (E = 5.4 kcal·mol^−1^; blue probes), highlighting the potential of interaction in both situations.](molecules-22-00786-g008){#molecules-22-00786-f008}

molecules-22-00786-t001_Table 1

###### 

Available PBP2x protein complexes from The Protein Data Bank.

  PDB Code   Target   Inhibitor    Class           Reference
  ---------- -------- ------------ --------------- ----------------------------
  1QMF       PBP2x    Cefuroxime   Cephalosporin   doi:10.1006/jmbi.2000.3740
  2ZC4       PBP2x    Tebipenem    Carbapenem      doi:10.1128/AAC.01456-07
  2ZC3       PBP2x    Biapenem     Carbapenem      doi:10.1128/AAC.01456-07
